APRIL 2005 REMER ET AL.

The MODIS Aerosol Algorithm, Products, and Validation

L. A. REMER,* Y. J. KAUFMAN,* D. TANRE, T S. MaTT00,%& D. A. CHU##* J. V. MARTINS,* T
R.-R. LI,#’## C. ICHOKU,*’& R. C. LEVY,*»& R. G. KLEIDMAN,*»& T. F. ECK,@’@@ E. VERMOTE,@’&&
AND B. N. HOLBEN

*Laboratory for Atmospheres, NASA Goddard Space Flight Center, Greenbelt, Maryland
+ Laboratoire d’Optique Atmospherique, Université des Sciences et Technologies de Lille, Villenueve d’Ascq, France
#Laboratory for Atmospheres, NASA Goddard Space Flight Center, Greenbelt, Maryland
@Laboratory for Terrestrial Physics, NASA Goddard Space Flight Center, Greenbelt, Maryland

(Manuscript received 15 August 2003, in final form 8 June 2004)

ABSTRACT

The Moderate Resolution Imaging Spectroradiometer (MODIS) aboard both NASA’s Terra and Aqua
satellites is making near-global daily observations of the earth in a wide spectral range (0.41-15 um). These
measurements are used to derive spectral aerosol optical thickness and aerosol size parameters over both
land and ocean. The aerosol products available over land include aerosol optical thickness at three visible
wavelengths, a measure of the fraction of aerosol optical thickness attributed to the fine mode, and several
derived parameters including reflected spectral solar flux at the top of the atmosphere. Over the ocean, the
aerosol optical thickness is provided in seven wavelengths from 0.47 to 2.13 um. In addition, quantitative
aerosol size information includes effective radius of the aerosol and quantitative fraction of optical thickness
attributed to the fine mode. Spectral irradiance contributed by the aerosol, mass concentration, and number
of cloud condensation nuclei round out the list of available aerosol products over the ocean. The spectral
optical thickness and effective radius of the aerosol over the ocean are validated by comparison with two
years of Aerosol Robotic Network (AERONET) data gleaned from 132 AERONET stations. Eight thou-
sand MODIS aerosol retrievals collocated with AERONET measurements confirm that one standard
deviation of MODIS optical thickness retrievals fall within the predicted uncertainty of A7 = £0.03 +0.057
over ocean and At = *=0.05 = 0.157 over land. Two hundred and seventy-one MODIS aerosol retrievals
collocated with AERONET inversions at island and coastal sites suggest that one standard deviation of
MODIS effective radius retrievals falls within Ar,; = +0.11 wm. The accuracy of the MODIS retrievals
suggests that the product can be used to help narrow the uncertainties associated with aerosol radiative
forcing of global climate.

1. Introduction

The Chesapeake Lighthouse and Aircraft Measure-
ments for Satellites (CLAMS) field experiment was de-
signed to aid the development and evaluation of satel-
lite algorithms that retrieve geophysical parameters im-
portant to the earth’s radiative balance and estimates of
global change. Aerosols are one of those important
geophysical parameters that determine the earth’s en-
ergy balance and hydrological cycle. These suspended

airborne particles scatter solar radiation back, absorb
solar radiation in the atmosphere, and shade the earth’s

surface. Airborne particles act as cloud condensation
nuclei entering into cloud processes and thereby change

cloud reflectivity and the hydrological cycle (Twomey
1977; Rosenfield and Lensky 1998). Aerosols also affect
human health and reduce visibility (Samet et al. 2000).
Some aerosol types are natural, such as wind-blown
desert dust or sea salt caused by breaking waves. Other
aerosol types are created from human activities such as
urban/industrial pollution and biomass burning. Unlike
CO,, another atmospheric pollutant input into the at-
mosphere from human activity, aerosols are not well
mixed in the atmosphere and, because of their spatial
and temporal variability, the uncertainty of estimating
human-induced aerosol forcing on climate and the hy-
drological cycle is on the order of 2 W m™2, which is
equal to the estimated forcing of all the greenhouse
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gases combined (Houghton et al. 2001). Therefore,
characterizing global aerosol distribution presents one
of our major challenges today (Kaufman et al. 2002).

Operational remote sensing of aerosols from long-
term satellites provides a means to achieve a global and
seasonal characterization of aerosol. Satellite sensors
view the entire earth and produce global images, thus
resolving the spatial patterns resulting from the spatial
inhomogeneities of aerosol sources. Daily global im-
ages from polar-orbiting satellites (Husar et al. 1997;
Herman et al. 1997; Torres et al. 2002) and more fre-
quent imagery from geostationary satellites (Prins et al.
1998) resolve the temporal patterns resulting from the
short lifetimes of aerosols, which are on the order of a
few days to a week.

The Moderate Resolution Imaging Spectroradiom-
eter (MODIS) is a new sensor with the ability to char-
acterize the spatial and temporal characteristics of the
global aerosol field. Launched aboard NASA’s Terra
and Aqua satellites in December 1999 and May 2002,
MODIS has 36 channels spanning the spectral range
from 0.41 to 15 wm representing three spatial resolu-
tions: 250 m (2 channels), 500 m (5 channels), and 1 km
(29 channels). The aerosol retrieval makes use of seven
of these channels (0.47-2.13 um) to retrieve aerosol
characteristics and uses additional wavelengths in other
parts of the spectrum to identify clouds and river sedi-
ments (Ackerman et al. 1998; Gao et al. 2002; Martins
et al. 2002; Li et al. 2003). Unlike previous satellite
sensors, which did not have sufficient spectral diversity,
MODIS has the unique ability to retrieve aerosol opti-
cal thickness with greater accuracy and to retrieve pa-
rameters characterizing aerosol size (Tanré et al. 1996;
Tanré et al. 1997). The results section of this paper
shows that MODIS’s ability to separate aerosols by size
can be used as a proxy for separating human-generated
aerosol from natural sources, which aids substantially in
estimating global human-induced aerosol forcing
(Kaufman et al. 2002).

The first MODIS instrument was launched aboard
Terra at the end of 1999 and began transmitting data at
the end of February 2000. Algorithms were in place,
designed to use the observed radiances to derive many
important aerosol products. Early comparisons of the
retrieved aerosol parameters with ground-based valida-
tion data showed remarkable agreement between the
two types of data (Chu et al. 2002; Remer et al. 2002),
but also showed us situations in which the algorithms
could be improved. Almost immediately, the algo-
rithms were modified to reflect a better understanding
of the instrument’s capabilities and the nature of aero-
sols and clouds. In a companion study in this special
issue, the MODIS aerosol algorithm over ocean is com-
pared with an independent aerosol retrieval algorithm
applied to the same dataset of MODIS radiances (Ig-
natov et al. 2005). In another companion paper in this
special issue, the MODIS retrievals over land and
ocean are evaluated regionally for the specific time and
location of the CLAMS field study using the additional
resources available during the CLAMS intensive ob-
serving period (Levy et al. 2005). However, in the
present study we take a global view. We give a com-
prehensive description of the MODIS aerosol algo-
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rithms, highlighting the changes that were implemented
postlaunch. We describe the wealth of aerosol products
derived from MODIS data and available to any user.
Last, we show some of the global comparisons to
ground-based data as validation for the products previ-
ously described.

6. Conclusions

Characterizing the global aerosol system is essential
to understanding the earth’s climate system and esti-
mating potential global climate change. The MODIS
instrument flying aboard NASA’s Terra and Aqua sat-
ellites provides a look at the aerosol system over both
land and ocean on a daily basis. The derivation of aero-
sol products from the MODIS-measured radiances re-
lies on the broad spectrum that MODIS measures,
ranging from the visible into the mid-infrared, and the
500-m spatial resolution, which allows for better cloud
identification and clearing than was possible with pre-
vious instruments. The mature MODIS algorithm in-
cludes aerosol optical thickness at several wavelengths,
information on particle size, and aerosol-reflected flux
at the top of the atmosphere, which is expected to be
more accurate than the optical thickness retrievals. An
extensive validation effort that collocated over 8000
MODIS retrievals with AERONET measurements of
optical thickness show that globally, the MODIS prod-
ucts are accurate to within prelaunch expectations,
namely, £0.05 = 0.157 over land and *=0.03 *0.057
over ocean. In particular, the retrieval of aerosol over
oceans consistently shows remarkably good agreement
with virtually no offset or bias through the range of
optical thickness where most observations occur. Re-
gional analysis, however, shows specific issues for cer-
tain locations. Comparison of MODIS and AERONET
monthly means at eight specific locations scattered glo-
bally demonstrates that the MODIS retrievals are not
affected by cloud contamination at those sites, and that
MODIS long-term statistics agree with AERONET to
within 0.10 over land and to within 0.035 at oceanic
island sites. MODIS-derived aerosol size parameters
are in general agreement with the same quantities de-
rived by AERONET instruments on the ground. For
moderate optical thickness, one standard deviation of
MODIS effective radius retrievals falls within +0.11
pm of AERONET measurements. Comparison of
MODIS and AERONET monthly mean values of m,
the ratio of fine-mode aerosol optical thickness to total
optical thickness at eight specific sites suggests that
over-ocean MODIS values agree to within 20%, which
exceeds the prelaunch estimate of £30% for individual
retrievals. However, at low aerosol optical thickness (7
< 0.15) the MODIS size retrievals are susceptible to
small aberrations in the calibration and other factors,
which introduce greater uncertainty. In addition, dust,
with its nonspherical shapes, introduce uncertainty in
both the optical thickness and size parameter retrievals.
This latter issue will be addressed with the incorpora-
tion of nonspherical phase functions into the next ver-
sion of the algorithms. In the meantime, the MODIS
aerosol products are sufficiently accurate for a variety
of applications, including improved estimates of obser-
vationally based aerosol radiative effects.





